Six ilvG (IlvG+) mutations of Escherichia coli K-12 were transferred to recombinant plasmids, and the DNA sequence of each mutation was determined. This analysis confirmed that expression of the ilvG gene product (acetohydroxy acid synthase II) requires the deletion of a single base pair or the addition of two base pairs within ilvG to displace a frameshift site present in wild-type E. coli K-12. This system should be useful in the analysis of potential frameshift mutagens.
Six ilvG (IlvG+) mutations of Escherichia coli K-12 were transferred to recombinant plasmids, and the DNA sequence of each mutation was determined. This analysis confirmed that expression of the ilvG gene product (acetohydroxy acid synthase II) requires the deletion of a single base pair or the addition of two base pairs within ilvG to displace a frameshift site present in wild-type E. coli K-12. This system should be useful in the analysis of potential frameshift mutagens.
The recent clarification of the genetic regulation of the ilvGEDA operon of Escherichia coli K-12 (7, 9, 10-12, 16, 20) exemplifies the power of recombinant DNA methodologies for the analysis and elucidation of complex genetic regulatory systems. Previous uncertainties and erroneous interpretations based on classical genetic studies concerning the genetic function and location of several structural and regulatory loci now have been resolved. One particularly confusing aspect of this operon concerned the nature of the cis-dominant mutations between ilvG and ilvE mutations that result in both increased expression of the distal ilvEDA genes and the expression of the ilvG gene which is normally cryptic in E. coli K-12 (5) . On the basis of this phenotype it was presumed that these mutations affected a regulatory locus for the ilvEDA genes. Thus, they were designated ilvO mutations (18) .
We recently elucidated the molecular basis of one of these mutations, ilvG2096 (IlvG+) (previously designated ilv02096) (9) . We determined the DNA sequence of the entire ilvG+ (IlvG-) gene from wild-type E. coli K-12 and a major fraction of the DNA sequence from the ilvG2096 (IlvG+) allele. We demonstrated a frameshift site in the wild-type ilvG+ (IlvG-) gene which causes the translation of the gene product to be terminated approximately in the middle of the gene. This situation, therefore, eliminates the formation of an active ilvG gene product (hence the absence of acetohydroxy acid synthase II activity in E. coli K-12). Also, the premature translation termination within the ilvG gene of the wild type generates transcriptional polarity which decreases the expression of the distal ilvEDA genes.
The ilvG2096 (IlvG+) mutation was shown to be a two-base insertion event (AT or TA) between base pairs 1250 and 1253, 24 base pairs promoter proximal to the single PvuII restriction endonuclease site in the ilvG gene (Fig. 1 ). This two-base insertion results both in the formation of a complete and active ilvG gene product and, due to relief of the transcriptional polarity, in the increased expression of the distal ilvEDA genes. Furthermore, by radiolabeling in vivo synthesized proteins in maxicells (9) we have confirmed the presence of the truncated ilvG+ (IlvG-) gene product of wild-type cells and the complete ilvG2096 (IlvG+) gene product in the mutant strain (9) .
Thus, it is now clear that the ilvO mutation does not define a regulatory region for the ilvEDA genes as previously presumed (18) . Therefore, in the interest of clarity and accuracy we have proposed that the use of the mnemonic ilvO be discontinued. We further propose, based on the current rules of genetic nomenclature (1) , that wild-type E. coli K-12 be described as ilvG+ (IlvG-) and that valine-resistant (acetohydroxy acid synthase II) mutants be described as ilvGOOO (IlvG+). For example, the E. coli K-12 strain harboring the ilvG2096 mutations described above is ilvG2096 (IlvG+).
Analysis of the frameshift in wild-type E. coli K-12 which generates a TGA translation temination site at base pairs 1252 to 1254 (Fig. 1) predicts that the mutation to IlvG+, which must restore the translation frame of the distal half of the ilvG gene, can result either from a two-base pair insertion event (as in ilvG2096) or from a one-base pair deletion event. Furthermore, the DNA sequence dictates that these mutations must occur within a stretch of only 10 base pairs preceding and including the A-T base pair at position 1254 (Fig. 1) We report here the DNA sequences of the region adjacent to the single PvuII restriction endonuclease site of an additional six independently derived ilvG (IlvG+) alleles. Each mutation has been previously described in the literature ( Table 1 ). The results show that each mutation is promoter proximal to the PvuII restriction endonuclease site. The results further confirm our predictions that these ilvG (IlvG+) mutations can be either a two-base insertion or a one-base deletion which occurs only within the predicted 10-base pair DNA sequence.
MATERIALS AND METHODS
Bacterial strains and bacteriophage. The bacterial strains, bacteriophage, and plasmids used in this study are listed in Table 1 . (Fig. 1) (14) into the HindUI restriction site of pBR322. This restriction fraginent includes DNA extending from a point before the promoter attenuator (ilvGpea) of the ilvGEDA operon to the Hindlll restriction site within ilvE (Fig. 1) (12, 14) . This fragment is oriented in pRLS so that the genes for tetracycline resistance of pBR322 are regulated by ilvGpea.
The plasmids pJG19, ilvG209S (l1vG+); pJG58, ilvG671 (llvG+); and pJG59, ilvG603 (IlvG+) were constructed from derivatives of either A dilv42 or X dilv58 ( Table 1 ). The ilvG2095 (llvG+) mutation was mobilized from the E. coli K-12 strain CU692 onto A dilv42 by homologous recombination to give A dilv421. The 4.8-kilobase Hindlll restriction fragment (Fig. 1) analogous to that in pRL5 was cloned onto the HindlIl restriction site of pBR322 to yield pJG19. By similar techniques, ilvG671 (IlvG+) and ilvG603 (IlvG+) were mobilized onto A dilv58 to yield A dilv585 and A dilv5812, respectively, and the 4.8-kilobase Hindlll restriction fiagment from each phage was cloned into pBR322 to yield pJG58 and pJGS9. The HindIII restriction fragment in pJG58 is in the same orientation as the analogous fragment in pRL5, whereas this fragment is inserted in the opposite orientation in pJG19 and pJG59.
Bacterial strains that contain the plasmid pRL5, ilvG+ (IlvG-), are sensitive to tetracycline hydrochloride at concentrations greater than 15 g/ml, whereas the same strains that contain an identical plasmid but that are ilvG (IlvG+) are resistant to tetracycline hydrochloride at concentrations greater than 40 g/ml (unpublished data). This observation was the basis of the transfer of ilvG268 (IivG+), ilvG269 (IlvG+) and ilvG468 (llvG4) to pRL5 by homologous recombination. Initially, pRLS was transfected into T3141009, ilvG268 (11vG+), and ampicillin-resistant transfectants were selected. The transfectants were subsequently replica plated onto LB plates (15) containing 40 pg of tetracycline hydrochloride per ml. To confirm that the tetracycline-resistant phenotype indicated the transfer of the ilvG268 (llvG+) allele to pRLS, plasmid DNA was prepared from the tetracycline-resistant colonies by the method of Davis et al. (4) and transfected into LE392 ilvG+ (IlvG-Val'). All ampicillin-resistant transfectants of LE392 were found to be valine resistant. By similar methods, ilvG269 (IlvG+) and ilvG468 (llvG+) were transferred to pRL5 to yield pRL102 and pRL106, respectively. DNA sequence alysis. Plasmid DNA was prepared as described previously (12) . Restriction fragments were prepared, and DNA sequence analysis was as described by Maxam and Gilbert (13) . The DNA sequence for at least 60 base pairs adjacent to the mutation in each ilvG (IlvG ) allele has been determined.
RESULTS
To confirm that the ilvG+ (lvG-) to ilvG (IlvG+) mutation, originally established in the ilvG2096 (IlvG+) allele, can result from either a two-base insertion or a one-base deletion within a very short segment of the ilvG gene, we have sequenced this region of DNA from six more ilvG (IlvG+) alleles. The DNA sequence of the ilvG2095 (IlvG+) allele reveals that this mutation is a deletion of the G C base pair of the TGA translation termination site at position 1253 ( Fig.  1 and 2 ). The autoradiograph of the DNA sequences for this mutant is shown in Fig. 3 . For purposes of orientation, the DNA sequence of the lower strand including the single PvuII site in ilvG (Fig. 1) is presented. The ilvG2095 (IlvG+) mutation, therefore, both removes the translation stop site at base pairs 1252 to 1254 and restores the translation frame of the distal half of the ilvG gene. Like the ilvG2095 (IlvG+) mutation, the ilvG269 (nlvG+) mutation also removes the TGA translation termination site and restores the distal translation frame. This mutation is a deletion of the A-T base pair (1254) of the TGA site (Fig. 2) .
The remaining four ilvG (IlvG+) mutations displace the TGA translation termination site rather than remove it. Of these, only one, ilvG671 (IlvG+), like the above-mentioned mutations, occurs at an unambiguous site within the DNA sequence. This mutation is the result of the deletion of the T-A base pair at position 1248 (Fig. 2) . Two other mutations, ilvG468 (IlvG+) and ilvG268 (IlvG+), are also single-base deletions, but because of the nature of the DNA sequence, the exact base pair deleted cannot be defined. The ilvG468 (IlvG+) mutation could result from a deletion of either of the A-T base pairs at position 1250 or 1251 (Fig. 2) . Similarly, the ilvG268 (IlvG+) mutation could be a consequence of a deletion of any of the three A-T base pairs from position 1245 to 1247 (Fig. 2) .
The last mutation, ilvG603 (IlvG+), like the previously defined ilvG2096 (IlvG+) mutation, is a two-base insertion event. DNA sequence analysis of the ilvG603 (IlvG+) allele indicates the presence of an additional two bases (GT) between base pairs 1251 and 1254 (Fig. 2) . Because of the nature of the DNA sequence, this mutation could be due to either a GT insertion between base pairs 1252 and 1253 or a TG insertion between base pairs 1251 and 1252 or 1253 and 1254. In either event, the DNA sequence of the ilvG603 (llvG+) allele is the same.
DISCUSSION
As predicted by our original DNA sequence data on the ilvG2096 (IlvG+) mutation (9), each of the additional mutations occurs within a 10-base pair sequence preceding and including the TGA translation termination site located promoter proximal to the single PvuII site in the ilvG gene. It was unexpected that two out of seven of these mutations resulted from two-base insertion events. It is interesting to note, however, that both of these insertions are direct repeats of the two base pairs either preceding or Fine-structure analysis of the region of the ilvG gene that contains the ilvG (IlvG+) mutations and the expected amino acid sequence of the corresponding portion of the acetohydroxy acid synthase II for each mutation. The DNA sequence of the ilvG2096 (IlvG+) allele was described previously (9) .
following the point of insertion. Because of this, there are three sites at which each insertion (or duplication) might occur. Thus, the exact site of the insertion event cannot be unambiguously ascertained from the DNA sequence. The ilvG (IlvG+) mutations are distributed throughout the 10-base pair DNA region described (Fig. 2) . Consequently, each of the amino acids encoded by this short DNA sequence can be changed. Therefore, since each mutant produces an active ilvG gene product, it appears that there are no amino acid restraints imposed on the protein in this coding region. verted by frameshift mutagens but not by base substitution mutagens. The ilvG+ (lvG-) to ilvG (IlvG+) mutations described here are either small deletions or insertions. These observations, therefore, explain the early report of Ramakrishnan and Adelberg (17) that the frequency of ilvG (llvG+) mutations is not enhanced by base substitution mutagens. Thus, because the ilvG+ (IlvG-) to ilvG (IlvG+) mutation must be a frameshift event within a defined sequence and because of the simplicity of analyzing the valineresistant revertants, these strains should be very useful for the screening of potential frameshift mutagens.
